nature neurOSCIenCe a r t I C l e S The survival of an organism depends on its ability to seek out and consume natural rewards in an ever-changing environment. To do so, animals must attend to salient environmental stimuli and execute complex motivated behavioral sequences to successfully obtain rewards. A network of brain regions, most notably involving the lateral hypothalamus, ventral tegmental area and nucleus accumbens, mediate reward seeking and consumption behavior by increasing the saliency of environment cues and promoting positive reinforcement 1-3 . The CeA, a forebrain structure of striatal origin, is important for processing salient stimuli and orchestrating appropriate behavioral responses. This region is composed of a highly interconnected network of GABAergic neurons that are classified on the basis of expression of molecular markers, several of which have roles in fear 4-7 , anxiety 8 and appetite suppression 9 . Although the CeA has been reported to have a role in increasing reward saliency 10-12 , modulating food consumption 9,12 and promoting appetitive behaviors 13 , the cellular heterogeneity and high degree of neural interconnectivity in this region have precluded insight into the specific neural players and underlying circuits that positively regulate food consumption.
a r t I C l e S
The survival of an organism depends on its ability to seek out and consume natural rewards in an ever-changing environment. To do so, animals must attend to salient environmental stimuli and execute complex motivated behavioral sequences to successfully obtain rewards. A network of brain regions, most notably involving the lateral hypothalamus, ventral tegmental area and nucleus accumbens, mediate reward seeking and consumption behavior by increasing the saliency of environment cues and promoting positive reinforcement [1] [2] [3] . The CeA, a forebrain structure of striatal origin, is important for processing salient stimuli and orchestrating appropriate behavioral responses. This region is composed of a highly interconnected network of GABAergic neurons that are classified on the basis of expression of molecular markers, several of which have roles in fear [4] [5] [6] [7] , anxiety 8 and appetite suppression 9 . Although the CeA has been reported to have a role in increasing reward saliency [10] [11] [12] , modulating food consumption 9, 12 and promoting appetitive behaviors 13 , the cellular heterogeneity and high degree of neural interconnectivity in this region have precluded insight into the specific neural players and underlying circuits that positively regulate food consumption.
Here we explored the role of a molecularly defined population of CeA neurons in modulating feeding. Using optogenetic and pharmacogenetic tools, we demonstrated in mice that CeA neurons expressing the serotonin receptor Htr2a promote positive reinforcement and food consumption. Deep-brain calcium imaging revealed that CeA Htr2a neurons show consistently increased activity during eating. Using optogenetic and rabies-virus tracing techniques, we determined a local CeA circuit mechanism through which CeA Htr2a neurons exert their functions. Further, we revealed that CeA Htr2a neurons promote feeding and positive reinforcement through long-range inhibition of cells within the parabrachial nucleus (PBN), a brain region that processes gustatory and sensory signals 14, 15 . Finally, we demonstrated that PBN-projecting CeA Htr2a neurons receive distinct monosynaptic inputs from brain regions with known roles in reward-processing and feeding behavior. Our investigation into how the CeA modulates feeding thus revealed the neural players and circuit mechanisms that promote food consumption.
RESULTS

CeA Htr2a neurons modulate food consumption
To identify CeA neural subpopulations that positively regulate food consumption, we searched the GENSAT transgenic-mouse collection for a mouse line permitting genetic access to CeA neurons that do not overlap with the anorexigenic protein kinase C-δ (PKCδ)-expressing population 9 . Among the top candidates, the bacterial-artificial-chromosome transgenic line Htr2a-Cre (KM208) showed high expression of Cre in the CeA. Our characterization of the line by breeding Htr2a-Cre mice with a LacZ reporter line confirmed the faithful representation of Htr2a + neurons in the CeA (Supplementary Fig. 1a ) and revealed no overlap with CeA PKCδ neurons (Fig. 1a,b ) but partial overlap with other CeA genetic markers (SOM, CRH and TAC2) ( Supplementary Fig. 1b-e) . Physiologically, CeA Htr2a neurons were found to homogeneously exhibit late-firing properties (Fig. 1c,d ). Because the CeA Htr2a and CeA PKCδ neurons were mutually exclusive populations, we determined whether CeA Htr2a neurons might promote food intake. We virally targeted CeA Htr2a neurons in Htr2a-Cre mice with Cre-dependent stimulatory hM3Dq designer receptors exclusively activated by designer drugs (DREADDs) 16 and performed a free-feeding assay (Fig. 1e,f and Supplementary Fig. 2a-d ).
a r t I C l e S Acute activation of CeA Htr2a neurons by intraperitoneal injection of the DREADD ligand clozapine-N-oxide (CNO) in satiated mice resulted in higher food intake than that in controls by increasing the total duration of feeding ( Fig. 1g and Supplementary  Fig. 2e-h ). The animals preferred food to clay pellets of similar size and hardness ( Fig. 1h and Supplementary Fig. 2i-k) , thus indicating that activation of CeA Htr2a neurons led to consumption directed specifically toward food.
We next asked whether activation of CeA Htr2a neurons might increase consumption under conditions in which motivation to eat is low 17, 18 . Indeed, chemogenetic activation of CeA Htr2a neurons in fasted mice decreased the appetite-suppressant effects of LiCl and lipopolysaccharide (LPS), which mimic toxic foods and bacterial infections, respectively 19 (Fig. 1i) . Activation of CeA Htr2a neurons also rescued the effect of bitter food, which normally decreases food intake 20 , without affecting sensitivity to bitter tastants ( Supplementary Fig. 2l,m) . Together, these data demonstrated that CeA Htr2a neurons promote food consumption even in the absence of physiological need and under conditions in which motivation to eat is low. (1, 20) = 5.06, P = 0.0357; food, F (1, 20) = 4.72, P = 0.0419; interaction, F (1, 20) = 3.02, P = 0.0978. Bonferroni post hoc analysis, *P < 0.05.) (i) Chemogenetic activation of CeA Htr2a neurons increased food intake in fasted mice after LiCl treatment or LPS injection. (For LiCl, n = 7 mCherry mice (saline), n = 8 hM3D mice (saline), n = 9 mCherry mice (LiCl), n = 11 hM3D mice (LiCl). Two-way ANOVA: virus, F (1, 31) = 3.60, P = 0.0670; drug, F (1, 31) = 50.77, P = <0.0001; interaction, F (1,31) = 2.41, P = 0.1310. Bonferroni post hoc analysis, *P < 0.05. For LPS, n = 7 mCherry mice (saline), n = 8 hM3D mice (saline), n = 8 mCherry mice (LPS), n = 8 hM3D mice (LPS). Two-way ANOVA: virus, F (1, 26) = 4.76, P = 0.0384; drug, F (1, 26) = 9.96, P = 0.0040; interaction, F (1, 26) = 3.37, P = 0.0780. Bonferroni post hoc analysis, *P < 0.05.) (j) Chemogenetic activation of CeA Htr2a neurons did not increase the effort to obtain food reward in a PR2 task. (n = 8 mCherry mice, n = 9 hM3D mice. Two-tailed paired t test: mCherry, t (7) = 0.81, P = 0.4423; hM3D, t (8) = 0.97, P = 0.3584.) (k) Optic-fiber placement above CeA Htr2a ::ChR2-expressing neurons. (l) Optogenetic stimulation of CeA Htr2a neurons, compared with the nonphotostimulated epoch and eYFP-expressing controls, increased food consumption. (n = 8 eYFP mice, n = 9 ChR2 mice. For eYFP versus ChR2 On: two-tailed unpaired t test, t (15) = 2.87, P = 0.0118. For ChR2 Off versus ChR2 On: two-tailed paired t test, t (15) = 3.45, P = 0.0087.) (m) Raster plot of feeding bouts of example individual mice. (n) CeA Htr2a ::ChR2 mice spent more time feeding during 20-Hz photostimulation. (n = 6 eYFP mice, n = 5 ChR2 mice. Two-tailed unpaired t test, t (12) = 2.72, P = 0.0186.) (o) The average duration of the feeding bouts was longer in CeA Htr2a ::ChR2 mice than in controls. (n = 6 eYFP mice, n = 5 ChR2 mice. Mann-Whitney test, P = 0.0175.) (p) The number of feeding bouts was not significantly higher in CeA Htr2a ::ChR2 animals than in controls.
(n = 6 eYFP mice, n = 5 ChR2 mice. Two-tailed unpaired t test, t (12) = 0.23, P = 0.8224.) Bar graphs indicate mean ± s.e.m. Box-whisker plots display median, interquartile range and fifth to ninety-fifth percentiles of the distribution. *P < 0.05; **P < 0.01. Scale bar, 100 µm.
a r t I C l e S
We further examined whether activation of CeA Htr2a neurons might also increase the effort made to obtain food, by assessing the behavior of CeA Htr2a ::hM3Dq mice in a food-seeking task. Here, active nose pokes were rewarded with a food pellet on a progressive ratio 2 (PR2) schedule. We compared the performance of CeA Htr2a ::hM3Dq mice in two consecutive sessions after administration of CNO or saline. The performance of CeA Htr2a ::hM3Dq mice (number of active nose pokes and number of consecutive nose pokes made to obtain a single pellet (breakpoint)) were similar after CNO and saline treatments. (Fig. 1j and Supplementary Fig. 2o ). Thus, activation of CeA Htr2a neurons evokes increased consumption without affecting the motivation to work for food.
We additionally found that the anxiety-like and locomotor behaviors of CeA Htr2a ::hM3Dq mice were not significantly different from those of controls ( Supplementary Fig. 2p,s) , thus suggesting that the altered consummatory behavior was unlikely to have resulted from altered locomotion.
We confirmed our findings by expressing Cre-dependent channelrhodopsin (ChR2-eYFP) or eYFP selectively in CeA Htr2a neurons and implanting optical fibers bilaterally above the CeA for somata photostimulation ( Fig. 1k and Supplementary Fig. 3a-d) . Photostimulation of these neurons at 20 Hz increased food intake in satiated mice, by extending the duration of eating bouts (Fig. 1l-p and Supplementary Fig. 3e-g ). During photostimulation, we observed the CeA Htr2a ::ChR2 mice engaging in stereotyped appetitive feedingrelated behaviors, including licking of the behavior chamber and chewing of the food container. Often, the mice made food-holding and chewing motions independently of the food pellet ( Supplementary  Fig. 3h and Supplementary Video 1) .
These findings demonstrated that activation of CeA Htr2a neurons promotes food consumption in the absence of homeostatic deficit. To explore whether CeA Htr2a neurons are necessary for long-term control of food intake and body weight, we ablated these neurons by using a diphtheria-toxin-expressing adenoassociated virus (AAV), denoted dtA 21 (Fig. 2a) . This ablation resulted in a loss of most CeA Htr2a neurons, whereas the number of CeA PKCδ neurons remained unchanged ( Fig. 2a-d and Supplementary Fig. 4a ). Ablation of CeA Htr2a neurons did not affect daily food intake or body weight when the mice were maintained on a chow diet, thus suggesting that these neurons probably do not play a role in long-term energy homeostasis, although incomplete ablation may account for this finding ( Supplementary  Fig. 4b,c) . However, when mice were fasted for 24 h, mice with neuronal CeA Htr2a ablation consumed less food in a free-feeding assay, whereas control mice were highly motivated to eat. (Fig. 2e,f) . This finding indicated that these neurons are necessary when motivation to eat is high. The anxiety-like and locomotor behaviors of CeA Htr2a ::dtA mice were unaffected ( Supplementary Fig. 4d-g ), thus further supporting our findings from the chemogenetic activation experiments and suggesting that the decrease in feeding is unlikely to reflect effects on locomotion. To corroborate these findings, we acutely inhibited the neurons by using Cre-dependent halorhodopsin (eNpHR3.0-mCherry) ( Fig. 2g and Supplementary Fig. 4h,i) . During photoinhibition, hungry CeA Htr2a ::eNpHR mice ate significantly less food than controls did, and their consumption was lower than that in the absence of photoinhibition (Fig. 2h-l and Supplementary  Fig. 4j ). Together, these experiments focusing on the role of CeA Htr2a neurons in feeding revealed that these neurons positively modulate food consumption. (12) = 3.08, P = 0.0095.) (k,l) The average duration of the feeding bouts (k; n = 7 mice per group, t (12) = 1.80, P = 0.0971) and the number of bouts (l; n = 7 mice per group, t (12) = 0.24, P = 0.8142) was not significantly decreased. Box-whisker plots display median, interquartile range and fifth to ninety-fifth percentiles of the distribution. *P < 0.05; **P < 0.01; ***P < 0.001. Scale bar, 100 µm.
a r t I C l e S q r s Bonferroni post hoc analysis, *P < 0.05; ***P < 0.001; ****P < 0.0001.) Bar and line graphs indicate mean ± s.e.m. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. Scale bar, 20 µm.
a r t I C l e S CeA Htr2a neurons increase activity throughout eating To understand how CeA Htr2a neurons modulate food intake, we performed in vivo Ca 2+ imaging. Hypothalamic hunger-promoting agouti-related-peptide neurons have been shown to rapidly decrease in activity upon the sensory detection and consumption of food [22] [23] [24] , whereas GABAergic neurons in the lateral hypothalamus increase in activity during food seeking and consumption 25 . To investigate the dynamics of CeA Htr2a neurons during feeding, we performed singlecell-resolution in vivo Ca 2+ imaging in freely behaving mice. Here, a graded-index (GRIN) lens was implanted above Cre-dependent GCaMP6s-expressing CeA Htr2a neurons, and neuronal activity was monitored with a head-mounted miniaturized microscope when food was freely accessible 26 ( Fig. 3a-d and Supplementary Fig. 5a ).
When examining CeA Htr2a neural activity during the first feeding bout after an overnight fast when food was most salient, we found that Ca 2+ activity rapidly increased after the eating onset ( Fig. 3e-g,  Supplementary Fig. 5b and Supplementary Video 2). We then examined all recorded feeding bouts and classified each neuron by comparing the average activity during each bout to that in the preceding interbout interval (Supplementary Fig. 5c ). We found that a subset of CeA Htr2a neurons consistently increased in activity during eating (Up cells; 22%) ( Fig. 3h-k) , whereas some decreased in activity (Down cells; 10%) ( Fig. 3k and Supplementary Fig. 5d-f) . Next, we further examined the dynamics of CeA Htr2a neurons to determine whether these neurons encoded the appetitive and/or consummatory aspects of food intake. To do so, we recorded the activity of CeA Htr2a ::GCaMP6s neurons during a fixed ratio 1 (FR1) task in which food-restricted mice nose-poked for a 20-mg food pellet reward (Fig. 3l) . The results revealed that CeA Htr2a neurons did not increase in activity during the appetitive phase (the active nose poke and cue that signaled reward delivery) (Fig. 3m) but did so during food consumption ( Fig. 3n and Supplementary Video 3) . We found that the activity profiles of individual cells were consistent throughout the 12 recorded FR1 trials, but the onset of activity varied among cells (Fig. 3o,p) . Some cells exhibited an increase in Ca 2+ activity proximal to the start of eating, whereas other cells exhibited increased activity with a delayed onset ( Fig. 3p and Supplementary Fig. 5g) . As with the free-feeding task, we found that a subset of neurons were (j) Photoinhibition of CeA Htr2a neurons in ad libitum-fed mice decreased licking of a spout that delivered a palatable reward. (n = 7 mCherry mice, n = 8 NpHR mice. Two-tailed unpaired t test, t (13) = 2.38, P = 0.0333.) (k) Mean cumulative licks of palatable reward made by CeA Htr2a ::NpHR and CeA Htr2a :: mCherry controls. Shading, s.e.m. Box-whisker plots display median, interquartile range and fifth to ninety-fifth percentiles of the distribution. *P < 0.05; **P < 0.01. a r t I C l e S active during eating (44%) (Fig. 3q) . Classification of the cells during each half of the eating bout revealed that some cells that were initially nonresponding exhibited a late-onset increase in activity in the second half of the eating bout (first half, 36% active cells; second half, 47%) (Fig. 3r) . Overall, CeA Htr2a neurons increased in activity during eating ( Fig. 3s and Supplementary Fig. 5h ). Together, these data revealed that CeA Htr2a neurons are recruited to the active ensemble during food consumption, thus suggesting that the ongoing activity of these neurons may propagate eating behavior.
Activity of CeA Htr2a neurons is positively reinforcing
Given that food is intrinsically rewarding and that CeA Htr2a neurons are active during food consumption, these neurons may potentiate eating by positively reinforcing eating behavior. If so, mice should seek out activation of CeA Htr2a neurons. We therefore assessed the valence of optogenetic activation of CeA Htr2a neurons. In a real-time place-preference assay (RTPP) 27 (Fig. 4a) , CeA Htr2a ::ChR2 mice exhibited a significant preference for the photostimulation-paired chamber (Fig. 4b,c and Supplementary Fig. 6a,b) , whereas locomotor behavior was not affected (Supplementary Fig. 6c,d ). To assess whether mice would perform instrumental responses for CeA Htr2a neuron activation, we trained mice to nose-poke for intracranial optical self-stimulation with an FR1 schedule of reinforcement (Fig. 4d) . CeA Htr2a ::ChR2 mice, compared with controls, showed significantly more nose-poking to receive 20-Hz photostimulation (Fig. 4e,f and Supplementary Video 4). These results established that CeA Htr2a -neuron activity is intrinsically positively reinforcing. Because food consumption is partly influenced by its rewarding properties, including taste and palatability, we next assessed whether this positive-valence signal might increase food consumption by enhancing the rewarding properties of food. We thus investigated whether CeA Htr2a -neuron activity might condition a preference for specific flavors (Fig. 4g) . Here, CeA Htr2a ::ChR2 mice were allowed to consume two differently flavored non-nutritive gels. After the baseline preference was determined, conditioning was performed by pairing the less preferred flavor with CeA Htr2a -neuron photostimulation. After conditioning, the mice were simultaneously given gels of both flavors. We found that concurrent CeA Htr2a neuron photostimulation reversed the initial flavor preference, such that the initially less preferred gel became more preferred (Fig. 4h) . Thus, the positivevalence signal conveyed by CeA Htr2a neurons modulates food consumption by influencing the rewarding properties of food. We further explored this notion by asking whether CeA Htr2a neurons modulate food palatability. Here, we trained CeA Htr2a ::NpHR mice to lick a spout for a palatable liquid reward (Fig. 4i ). Mice were tested for licking behavior during constant photoinhibition in the ad libitum fed state, in which consumption is driven by palatability rather than homeostatic need. Photoinhibited CeA Htr2a ::NpHR mice consumed less reward than did mCherry-expressing mice during the photoinhibition period (Fig. 4j,k) , but this behavior was not observed in a r t I C l e S hungry animals ( Supplementary Fig. 6e ). Interestingly, we found that CeA Htr2a ::NpHR mice did not avoid the photoinhibited side of the chamber in the RTPP assay ( Supplementary Fig. 6f-h ) and displayed normal locomotor behavior ( Supplementary Fig. 6i,j) . Thus, silencing of CeA Htr2a neurons does not lead to induction of intrinsic aversion but does decrease consumption, because eating is no longer positively reinforced. Together, these data show that the activity of CeA Htr2a neurons is intrinsically reinforcing and modulates food reward. Thus, in the context of eating behavior, these neurons appear to promote ongoing food consumption through a positivevalence signal. The extent to which these neurons reinforce other appetitive behaviors remains to be investigated.
Antagonism between CeA neural modulators of food consumption Because CeA Htr2a neurons promote food consumption and reside alongside CeA PKCδ neurons that suppress feeding, we investigated the local circuit interaction of these neuronal populations to understand how the CeA bidirectionally modulates food consumption. To determine whether CeA Htr2a neurons inhibit CeA PKCδ neurons, we targeted CeA Htr2a neurons with Cre-dependent AAV-ChR2 in Htr2a-Cre; tdTomato mice ( Fig. 5a,b) . Whole-cell recordings of CeA tdTomatonegative neurons revealed light-evoked, short latency, picrotoxinsensitive inhibitory postsynaptic currents (IPSCs) (19/19 neurons) ( Bonferroni post hoc analysis, **P < 0.01.) Bar graphs indicate mean ± s.e.m. Box-whisker plots display median, interquartile range and fifth to ninety-fifth percentiles of the distribution. *P < 0.05; **P < 0.01; ***P < 0.001. Scale bars, 100 µm. a r t I C l e S neurons revealed that 50% were PKCδ + (Fig. 5e) . Paired recordings in acute slices from Htr2a-Cre; tdTomato mice revealed unidirectional connections between pairs with reversal potentials typical of those of GABA receptors. (Supplementary Fig. 7a-c) . These results suggested strong monosynaptic inhibition from CeA Htr2a+ onto CeA Htr2a− neurons including CeA PKCδ neurons.
To anatomically map synaptic inputs to CeA Htr2a and CeA PKCδ neurons within the CeA, we performed Cre-dependent, rabies-virusbased monosynaptic retrograde tracing 28 and found that rabiesmediated labeling of input neurons was dependent on Cre expression (Supplementary Fig. 7d ). We injected Htr2a-Cre; LacZ or Prkcd-Cre mice with Cre-dependent AAVs expressing the avian EnvA receptor (TVA) and rabies-virus envelope glycoprotein (RG) in combination with a modified rabies virus SAD∆G-EGFP (EnvA) ( Supplementary  Fig. 7e,f) . The results revealed that local inputs to CeA Htr2a neurons came from CeA PKCδ neurons and CeA Htr2a neurons in similar proportions (Fig. 5f,h and Supplementary Fig. 7g ). In addition, we confirmed that CeA PKCδ neurons received monosynaptic inputs from CeA Htr2a neurons (Fig. 5g) and found that only a small portion of monosynaptic inputs to CeA PKCδ neurons originated from CeA PKCδ cells ( Fig. 5h and Supplementary Fig. 7h ). In summary, these results revealed that CeA Htr2a and CeA PKCδ neurons form monosynaptic reciprocal connections within the CeA.
Inhibition of PBN by CeA Htr2a neurons is positively reinforcing and modulates food consumption To elucidate the neurocircuitry by which CeA Htr2a neurons modulate food consumption, we anatomically mapped the long-range projections of these neurons. By selectively expressing a Cre-dependent, synaptically targeted fluorophore (AAV-Synaptophysin-myc) or mCherry in CeA Htr2a neurons (Fig. 6a) , we observed dense efferent fields most prominently in the PBN (Fig. 6b, Supplementary  Fig. 8a,b and Supplementary Video 5). Given the previously described role of the PBN in appetite suppression 9, 14, 29, 30 , we hypothesized that CeA Htr2a neurons promote feeding by inhibiting PBN neurons. To investigate the cell-type specificity of this projection, we injected retrogradely transported beads into the PBN in Htr2a-Cre; tdTomato mice (Fig. 6c) and observed that 67% of retrobead-positive neurons were Htr2a + , whereas less than 1% were PKCδ + (Fig. 6d,e) . To assess the functionality of this projection, we injected Cre-dependent ChR2-eYFP into the CeA in Htr2a-Cre and Prkcd-Cre mice (Fig. 6f) and performed whole-cell recordings from PBN neurons a r t I C l e S inside the area of ChR2 innervation (Fig. 6f,g ). In slices from Htr2a-Cre animals, we detected light-evoked, short-latency, picrotoxinsensitive IPSCs in most recorded PBN neurons, whereas in Prkcd-Cre animals, very few cells responded and did so only with very small amplitudes (<30 pA) (Fig. 6h,i) . Light stimulation also suppressed evoked firing by current injection in PBN neurons in a picrotoxinsensitive manner ( Fig. 6j and Supplementary Fig. 8c ). Post hoc identification of neurobiotin-filled neurons revealed that 12 out of 14 neurons were negative for CGRP, a marker of anorexia-promoting neurons 14 ( Supplementary Fig. 8d ). Although the identity of PBN neurons engaged by CeA Htr2a neurons remains to be elucidated, the strength of the CeA Htr2a neuron-PBN connection implicates this projection in regulating the function of the PBN. Hence, we sought to determine whether inhibition of this region by CeA Htr2a neurons was sufficient to promote CeA Htr2a neuronmediated feeding-related behaviors. We transduced CeA Htr2a neurons with Cre-dependent ChR2-eYFP and placed optic fibers bilaterally above the PBN (Fig. 6k and Supplementary Fig. 8e,f) . Photostimulation of the CeA Htr2a -neuron presynaptic terminals in the PBN elicited a modest yet significant increase in food intake in ad libitum-fed CeA Htr2a ::ChR2→ PBN mice. (Fig. 6l-n and Supplementary Fig. 8g-i) . We also probed whether activation of the CeA Htr2a neuron−PBN projection was intrinsically rewarding. Indeed, 20-Hz photostimulation of the CeA Htr2a presynaptic terminals in the PBN elicited place preference (Fig. 6o,p) , and mice strongly nose-poked for optogenetic self-stimulation of this projection (Fig. 6q) . Together, our results suggested that CeA Htr2a neurons have a role in promoting food consumption and positive reinforcement through inhibition of PBN neurons.
Because CeA Htr2a neurons function partly through inhibition of neurons in the PBN, and CeA PKCδ neurons have been proposed to suppress feeding via local inhibition of CeA PKCδ-neurons 9 , we next determined whether CeA PKCδ neurons inhibit PBN-projecting CeA neurons. To reveal local monosynaptic inputs of PBNprojecting CeA cells, we used the 'tracing the relationship between input and output' (TRIO) strategy 31 , which combines retrograde transport of virally expressed Cre recombinase from the PBN to the CeA and Cre-dependent monosynaptic rabies tracing in the CeA (Supplementary Fig. 9a,b) . This experiment revealed that a proportion of inputs to PBN-projecting CeA neurons came from CeA PKCδ neurons (Supplementary Fig. 9c,d) . To determine whether CeA PKCδ neurons inhibit PBN-projecting CeA neurons, we expressed Cre-dependent ChR2-eYFP in Prkcd-Cre mice and identified PBN-projecting CeA neurons by injecting retrobeads into the PBN (Supplementary Fig. 9e) . In acute slices, whole-cell recordings of bead-positive CeA neurons revealed light-evoked picrotoxinsensitive IPSCs (Supplementary Fig. 9f) . These results revealed a circuit by which the CeA modulates food consumption via interactions between genetically defined cell types.
Inputs to CeA Htr2a neurons arise from feeding and rewardrelevant brain regions The newly identified role of CeA Htr2a neurons in food consumption prompted us to explore the circuits in which these neurons integrate. We extended our monosynaptic tracing analysis to identify regions providing long-distance inputs to CeA Htr2a neurons. We found that CeA Htr2a neurons receive monosynaptic inputs from a wide range of brain regions, including components of the gustatory and visceroceptive pathway 32 such as the insular cortex (IC), the gustatory thalamus (VPMpc) and the lateral parabrachial nucleus as well from other feeding centers such as the arcuate nucleus 33 and the parasubthalamic nucleus (PSTN) 34 ( Fig. 7a and Supplementary   Fig. 10a-c) . The midbrain dorsal raphe nucleus as well as the substantia nigra pars lateralis (SNL), which contain serotonergic 35 and dopaminergic 36 neurons, respectively, represented major inputs to CeA Htr2a neurons ( Fig. 7a and Supplementary Fig. 10c) . Interestingly, we observed that the numbers of neurons in the input regions varied among animals (Supplementary Fig. 10d) , thus raising the possibility that the starter cells in each experiment might represent subsets of spatially clustered CeA Htr2a neurons with distinct input patterns. Pairwise correlation and subsequent hierarchical-clustering analysis revealed a strong positive correlation between inputs from the IC and VPMpc, whereas the hypothalamic and midbrain nuclei formed a separate cluster (Fig. 7b and Supplementary Fig. 10e) . These results suggested that CeA Htr2a neurons that receive cortical and thalamic inputs may be distinct from those innervated by hypothalamic and midbrain structures.
To investigate whether PBN-projecting CeA Htr2a neurons receive a distinct subset of these inputs, we used a modified version of the TRIO strategy 31 , using retrograde transport of Cre-dependent virally expressed Flp recombinase from the PBN to the CeA, in combination with Flp-dependent monosynaptic rabies tracing in the CeA (Fig. 7c and Supplementary Fig. 10a,b) . This experiment revealed that PBN-projecting CeA Htr2a cells receive long-range inputs from discrete brain regions including those that process information relevant for energy homeostasis (arcuate nucleus) 33 , those containing neurons that respond to ingestion of palatable food (PSTN) 34 and those with dopaminergic neurons (SNL and retrorubral field) 36 .
We found that these regions were identical to those targeting the broader PBN-projecting CeA population (Supplementary Fig. 10c) , and, in our pairwise correlation analysis, to belong to one distinct cluster (Fig. 7b,d) . Most of these regions represented major inputs to CeA Htr2a neurons and minor inputs to CeA PKCδ neurons ( Supplementary  Fig. 10c) . In summary, we demonstrated that the CeA Htr2a population receives diverse inputs from brain areas known to process sensory and homeostatic information and that CeA Htr2a neurons are composed of subclusters defined by their input patterns. Additionally, CeA Htr2a neurons projecting to the PBN are markedly innervated by brain regions relevant in reward processing and food consumption.
DISCUSSION
Seeking and consumption of food is governed by a complex framework of behaviors. Our study defines the neural mechanisms by which molecularly defined CeA neurons promote food consumption. Here, we found that Htr2a-expressing CeA neurons increase in activity during eating and that their activity bidirectionally modulates food intake. Further, we demonstrated that activation of these neurons is positively reinforcing. Together, these data support a model in which CeA Htr2a neuron activity leads to sustained eating behavior via both local and long-range circuit mechanisms.
Consumption of food consists of serialized motivated behaviors that constitute appetitive and consummatory actions. Our findings demonstrated that the circuits associated with CeA Htr2a neurons modulate the consummatory phase of eating. Artificial activation of CeA Htr2a neurons specifically increased food consumption without affecting the latency to eat or the motivation to work for food. Thus, the in vivo activity of CeA Htr2a neurons during eating further supports a role of these cells as a circuit node that modulates food consumption rather than food-seeking drive.
The identification of neuronal subpopulations in the CeA that positively regulate food intake has long remained elusive. Recently, genetically defined CeA neuron populations expressing SOM, CRH, TAC2 and Nts have been described to promote positive reinforcement.a r t I C l e S Although several populations have been implicated in drinking, food intake is not affected 13 . Because these cells partially overlap with Htr2a-expressing cells, they probably constitute subsets of CeA Htr2a neurons, thus potentially explaining why manipulation of the individual populations did not affect eating. Collectively, our findings suggested that, overall, CeA Htr2a neurons promote positive reinforcement and consummatory behavior directed toward food. However, on the basis of the overlap between Htr2a and other CeA markers, this population probably contains functionally distinct neural subpopulations. Thus, although we focused here on food intake, these neurons may also modulate other appetitive behaviors, such as drinking. Additionally, the small fraction of CeA Htr2a neurons that decreased in activity during eating suggests the existence of functional subgroups of this reward-promoting cell type, which may be influenced by distinct downstream targets and/or a local population-coding mechanism that relies on diverse response patterns (for example, those described in ref. 37 ) during food consumption. Nevertheless, because most responsive CeA Htr2a neurons increase in activity during food consumption, our data showed that the positive modulation of food intake by the CeA is localized to CeA Htr2a neurons.
Our results support a model in which sustained food consumption is promoted by the activity of CeA Htr2a neurons during eating. CeA Htr2a neurons are continually recruited to the active ensemble throughout food consumption, thereby conveying a persistent positive-valence signal and reinforcing eating. Given that CeA Htr2a -neuron activity increases near the onset of eating, these neurons are unlikely to reinforce consumption by contributing to food's post-ingestive rewarding effects associated with nutrient absorption and hormonal changes that occur over minutes to hours 38 . Instead, CeA Htr2a neurons probably promote eating by influencing food reward during an early phase of consumption and thus may modulate the taste, texture or palatability of food 38 . Hence, the positive-valence state associated with CeA Htr2a neural activity appears to reinforce eating behavior after consumption onset rather than by driving food seeking. This model is consistent with behavioral data showing that activation of CeA Htr2a neurons under conditions in which food is nonsalient prolongs consumption, whereas silencing specifically decreases consumption when food is highly rewarding. Additionally, the observation that photostimulation of CeA Htr2a neurons conditioned flavor preference indicated that the activity of these neurons enhances the positively rewarding properties of food. Thus, CeA Htr2a neurons appear to positively regulate food intake by reinforcement and extension of ongoing food consumption.
A recent study has implicated GABAergic CeA neurons in the pursuit and attack of prey, including artificial prey 39 , without evoking increased food consumption. In contrast, our finding that activation of CeA Htr2a neurons led mice to increase food intake and to preferentially engage with and consume a food pellet rather than an inedible item suggested that CeA-mediated consummatory behavior is separable from prey pursuit and biting. Notably, our results revealed that CeA Htr2a neurons mediate consumption and positive reinforcement through projections to the PBN, thus highlighting that multiple facets of eating behavior are delineated at the level of distinct CeA efferent projections.
Our study outlines long-range and local circuit mechanisms through which a genetically defined population of CeA neurons modulates eating behavior. Recently, CeA PKCδ neurons have been shown to inhibit feeding via local inhibition of other CeA neurons rather than through long-range outputs. Here, we found that CeA Htr2a neurons are a source of CeA output that directly modulates consummatory behavior. The functional antagonism of CeA Htr2a neurons and the anorectic CeA PKCδ neurons clearly implicates the CeA in the control of antagonistic consummatory behaviors via reciprocal inhibitory connections between defined CeA cell types. Preferential excitation of one population, and thus inhibition of the other, probably flexibly influences consumption depending on the sensory environment and the internal state of the animal.
Although the precise nature of the signals that excite CeA Htr2a neurons are unknown, our data demonstrated that CeA Htr2a neurons are highly innervated by brain regions that process taste and visceral cues 32 , regions associated with energy homeostasis 33 , regions activated after ingestion of palatable food 34 and regions containing dopaminergic 36 and serotonergic neurons 35 . Additionally, we revealed a specific input-output organization of the circuits associated with CeA Htr2a cells. PBN-projecting CeA Htr2a neurons receive a distinct set of inputs that predominantly target CeA Htr2a neurons rather than CeA PKCδ neurons. How these inputs specifically modulate the activity of CeA Htr2a cells and consequently promote eating behavior through a positive-valence mechanism remains an exciting area for future research. Overall, our rabies-virus-based tracing results highlighted that CeA Htr2a neurons are a key node at which multiple sensory and internal state modalities are integrated. The recruitment of CeA Htr2a neurons to the active ensemble with different latencies during eating indicates that their activity is likely to be driven by converging, diverse input signals.
A recent study 13 has defined a model in which two circuits from the basolateral amygdala to the CeA opposingly control appetitive and aversive behaviors. Our data, however, indicated that monosynaptic basolateral amygdala inputs represent only a small fraction of total inputs to CeA Htr2a neurons. This finding suggests that appetitive information may converge on the CeA via multiple routes rather than solely through the basolateral nucleus. Connectivity-mapping results supported our major findings by showing that CeA Htr2a cells have all the necessary connections to first assess the valence of food stimuli and consequently modulate ongoing eating behavior.
Several studies have revealed that the coding of appetitive and aversive behaviors in the CeA is complex, because the outcome of neuronal activity manipulations of a given subpopulation is dependent on behavioral context 6, 8, 9, 13, 40 . In contrast to our finding that CeA Htr2a neurons are active during eating, the population activity of these neurons has been shown to decrease after exposure to innate fear stimuli 7 . Strikingly, this finding implicates CeA Htr2a neurons in both appetitive and aversive behaviors depending on the context, thus highlighting the high behavioral flexibility of CeA neural circuits.
The rewarding nature of CeA Htr2a -neuron stimulation suggests that the activity of these neurons reinforces eating behavior. This positivevalence state may serve as a general reinforcer of consummatory behavior directed toward different salient stimuli encountered in the environment. Lateral hypothalamus GABA neurons have been shown to elicit positive reinforcement and direct consumption toward various stimuli including water and food and to promote interaction with conspecifics 41, 42 . These results suggest the possibility that CeA Htr2a neurons may flexibily modulate other reward-related behaviors depending on the environment and internal state of the animal.
In conclusion, we identified a neural mechanism by which the CeA positively regulates food intake. These findings reveal a new role of the CeA in positive reinforcement of consummatory behavior and identify the underlying neurons and circuits. Our findings suggest that the malfunction of these circuits might underlie conditions such as binge-eating disorder. Additionally, our results lay a groundwork for further investigations of how the amygdala and dopaminergic reward system interact as well as how gustatory, visceral and taste signals through descending amygdala-brainstem connections area r t I C l e S modulated. Crucially, our findings highlight the CeA as a node through which positive-and negative-valence signals converge and provide an entry point for investigating the interactions among emotional states, food intake and reward.
METHODS
Methods, including statements of data availability and any associated accession codes and references, are available in the online version of the paper. 
ONLINE METHODS
Animals.
The Htr2a-Cre BAC transgenic line (stock Tg(Htr2a-Cre)KM208Gsat/ Mmucd) and Prkcd-Cre (Tg(Prkcd-glc-1/CFP,-Cre)EH124Gsat) BAC mice were imported from the Mutant Mouse Regional Resource Center. Td-Tomato (B6.Cg-Gt(ROSA)26Sor tm9(CAG-tdTomato)Hze /J) 43 and Rosa26R 44 mouse lines were as described previously. Mice were backcrossed onto a C57BL/6N background.
Mice at 1-4 months of age were used in accordance with regulations from the government of Upper Bavaria. Mice used for behavior experiments were singly housed on a 12-h light cycle (7 a.m., lights on). Mice were given ad libitum food access except during food deprivation for feeding experiments. All assays of feeding-related behavior were conducted at a consistent time during the light period (8 a.m.-1 p.m.) . Adult male mice were used for all behavior experiments except for Ca 2+ imaging experiments, in which female Htr2a-Cre mice were used. Both male and female mice were used for tracing and electrophysiology experiments.
Viral constructs.
The following AAV viruses were produced at the Gene Therapy Center Vector Core at the University of North Carolina Chapel Hill: AAV8-hSyn-DIO-hM3D(Gq)-mCherry, AAV8-hSyn-DIO-mCherry, AAV5-Ef1a-DIO-ChR2-eYFP, AAV5-Ef1a-DIO-eYFP, AAV5-flex-mCherry-dtA, AAV5-ef1a-DIO-npHR3.0-mCherry, AAV1-EF1α-FLEX-TVAmCherry and AAV1-CAG-FLEX-RG. The AAV2/9-Ef1a-DIO-GCaMP6s-eYFP virus was produced at the University of Pennsylvania Vector Core. EnvA G-deleted rabies-GFP used for long-range mapping of monosynaptic inputs to CeA Htr2a and CeA PKCδ was produced at the Salk Gene Transfer, Targeting and Therapeutics Core. EnvA G-deleted rabies-GFP used for TRIO and cTRIO experiments were as previously published 28 Stereotaxic surgeries. Mice were anesthetized for surgery with isoflurane (1.5-2%) and placed in a stereotaxic frame (Kopf Instruments). Body temperature was maintained with a heating pad. A systemic anesthetic (carprofen 5 mg/kg bodyweight) was administered.
Mice used in in vitro and in vivo optogenetic and chemogenetic experiments were bilaterally injected with 0.3 µl of virus in the CeA by using the following coordinates calculated with respect to the bregma: −1.22 mm anteroposterior, ± 2.8 mm lateral, −4.72 mm ventral. In the same surgery, mice used in optogenetic experiments were bilaterally implanted with optic fibers (200-µm core, 0.22 NA, 1.25-mm ferrule (Thorlabs)) above the CeA (−4.2 mm ventral) or PBN (−5.1 mm anteroposterior, ± 1.7 mm lateral, −3.0 mm ventral). Implants were secured with cyanoacrylic glue, and the exposed skull was covered with dental acrylic (Paladur). For all other mice, the incision was closed with sutures.
For retrograde tracing experiments, 0.15 µl retrogradely traveling green or red retrobeads (Lumafluor) was injected into the PBN according to the following coordinates from the bregma: −4.8 mm anteroposterior, ± 1.7 mm lateral, −3.72 mm ventral. At 5-7 d after surgery, mice were perfused, and brains were processed for histology.
Mice used in in vivo calcium imaging experiments were injected in the left CeA (coordinates as above) with 0.3 µl AAV-GCaMP6s virus. One week later, the microendoscope was implanted. To do so, a 0.8-mm hole was drilled in the skull above the CeA. Debris was removed from the hole, and a sterile 20-gauge needle was slowly lowered into the brain to a depth of −4.5 mm from the cortical surface to clear a path for the lens. The GRIN lens (GLP-0673; diameter, 0.6 mm; length, ~7.3 mm, Inscopix) was slowly lowered into the brain to −4.35 mm from the cortical surface by using a custom lens holder. The lens was secured in place with glue (Loctite 4305) and dental cement (Paladur). A headbar was fixed to the skull adjacent to the lens to assist with mounting of the miniaturized microscope. The exposed top of the lens was protected by a covering of a silicone adhesive (Kwik-cast).
Approximately two weeks after the lens implantation, the mice were assessed for observable GCaMP6 fluorescence. The heads of the mice were fixed, and the top of the lens was cleaned of debris. The miniature microscope (Inscopix) with a baseplate (BLP-2, Inscopix) was positioned above the lens such that GCaMP6 fluorescence and neural dynamics were observed. The mice were anesthetized with isoflurane, and the baseplate was secured with dental cement (Vertise Flow). A baseplate cap (BCP-2, Inscopix) was left in place until imaging experiments.
Mice used to demonstrate monosynaptic inputs to CeA Htr2a and CeA PKCδ were unilaterally or bilaterally injected in the CeA with 0.3-0.4 µL of AAV1-EF1α-FLEX-TVAmCherry and AAV1-CAG-FLEX-RG mixed at a ratio of 1:4, by using the following coordinates calculated with respect to the bregma: −1.22 mm anteroposterior, ± 2.8 to 2.9 mm lateral, −4.8 to 4.9 mm ventral. After 14 d, 0.3-0.4 µL of EnvA G-deleted rabies-GFP virus was injected into the same area. At 7 d after the second injection, the animals were killed, and the brains were processed for IHC.
Mice used to demonstrate monosynaptic inputs to PBN-projecting CeA neurons (TRIO experiments) were unilaterally or bilaterally injected in the CeA with 0.3-0.4 µL of AAV1-EF1α-FLEX-TVAmCherry and AAV1-CAG-FLEX-RG mixed at a ratio of 1:4. In the same surgery, the mice were also injected in the PBN with 0.4 µl of CAV2-Cre and HSV-hEF1α-Cre mixed at a ratio of 1:1, by using the following coordinates from the bregma: −5.2 mm anteroposterior, ± 1.35 mm lateral, −3.8 to −3.9 mm ventral. After 14 d, 0.3-0.4 µl of EnvA G-deleted rabies-GFP virus was injected into CeA. At 7 d after the last injection, the animals were killed, and the brains were processed for IHC.
Mice used to demonstrate monosynaptic inputs to PBN-projecting CeA Htr2a neurons (cTRIO experiments) were unilaterally or bilaterally injected in the CeA with 0.3-0.4 µl of AAV8-CAG-Flex FRT -G and AAV5-CAG-Flex FRT -TC mixed at a ratio of 1:1. In the same surgery, they were also injected in the PBN with 0.4 µl of CAV2-Flex Loxp -Flp and HSV-hEF1α-LS1L-IRES-flpo mixed at a ratio of 1:1. After 14 d, 0.3-0.4 µl of EnvA G-deleted rabies-GFP virus was injected into the CeA by using the same coordinates. At 7 d after the last injection, the animals were killed, and the brains were processed for IHC.
Pharmacological treatments. For chemogenetic behavior manipulations, CeA Htr2a ::hM3D, and mCherry control mice received an intraperitoneal (IP) injection of CNO (2 mg/kg diluted in saline) or the equivalent volume of saline and were allowed to recover in their home cages for 20 min before the experiment. For anorexigenic-drug studies, mice were injected IP 20 min before the experiment with LiCl (150 mg/kg) (Sigma) or LPS (0.1 mg/kg) (Sigma) dissolved in saline, or with saline control. All drug treatments were delivered in a counterbalanced manner, with 3 d separating experiments. Behavioral experiments were performed with knowledge of the genotype and pharmacological treatment when applicable. optogenetic manipulations. CeA Htr2a ::ChR2, CeA Htr2a ::eYFP, CeA Htr2a ::NpHR, CeA Htr2a ::mCherry, CeA Htr2a-Cre+ ::ChR2→ PBN and CeA Htr2a-Cre− ::ChR2→ PBN mice were bilaterally tethered to optic-fiber patch cords (Doric Lenses or Thorlabs) connected to a 473-nm or 561-nm laser (CNI lasers; Cobolt) via a rotary joint (Doric Lenses) and mating sleeve (Thorlabs). For photoactivation experiments, 10-ms, 473-nm light pulses at 5, 10 or 20 Hz and 10-15 mW were used. Constant 561-nm light at 10 mW was used for photoinhibition experiments. The lasers were triggered, and pulses were controlled with Bonsai data-streaming software 46 and Arduino microcontrollers (http://www.arduino.cc/). For experiments in which multiple photostimulation frequencies were tested, the order in which the tests were conducted was randomized. Acute brain-slice preparation and electrophysiology. The mice were deeply anesthetized by intraperitoneal injection of ketamine/xylazine mixture (100 mg/kg and 10 mg/kg body weight, respectively) and transcardially perfused with icecold protective artificial cerebrospinal fluid (aCSF) containing 92 mM N-methyld-glucamine (NMDG), 2.5 mM KCl, 1.25 mM NaH 2 PO 4 , 30 mM NaHCO 3 , 20 mM HEPES, 25 mM glucose, 2 mM thiourea, 5 mM Na-ascorbate, 3 mM Na-pyruvate, 0.5 mM CaCl 2 ·4H 2 O and 10 mM MgSO 4 ·7H 2 O. Coronal brain sections of 250-µm thickness were cut with a vibratome (Leica, VT1000S) in ice-cold protective aCSF. For paired recordings, the thickness was increased to 350 µm. Slices were recovered for 15 min at 32 °C in regular aCSF containing 126 mM NaCl, 1.6 mM KCl, 1.2 mM NaH 2 PO 4 , 1.2 mM MgCl 2 , 2.4 mM CaCl 2 , 18 mM NaHCO 3 and 11 mM glucose, oxygenated with carbogen. After recovery, slices were kept at 25 °C until recording.
Slices were visualized with a fluorescence microscope equipped with IR-DIC optics (Olympus BX51). All electrophysiological recordings were performed in a chamber constantly superfused with corbogenated regular aCSF at 30-32 °C. Whole-cell-voltage, current-clamp or cell-attached recordings were performed with a MultiClamp 700B amplifier and a Digidata 1550 digitizer (Molecular Devices).
The patch pipette with a resistance of 4-6 MΩ was filled with intracellular recording solution. The intracellular solution for current-clamp and paired recordings contained 130 mM potassium gluconate, 10 mM KCl, 2 mM MgCl 2 , 10 mM HEPES, 2 mM Na-ATP, 0.2 mM Na 2 GTP, 0.2% neurobiotin, pH7.35, and 290mOsm. The intracellular solution for voltage-clamp recordings contained 125 mM CsCl, 5 mM NaCl, 10 mM HEPES, 0.6 mM EGTA, 4 mM Mg-ATP, 0.3 mM Na 2 GTP, 10 mM lidocaine N-ethyl bromide (QX-314), pH7.2, and 290mOsm. The holding potential for voltage-clamp recordings was −70 mV unless otherwise indicated. For paired recordings, the holding potentials ranged from −80 mV to −20 mV. The following drugs were used diluted in aCSF as indicated: 100 µM picrotoxin and 10 µM NBQX. For confirmation of hM3Dq function in CeA Htr2a neurons, 1 µM of CNO diluted in aCSF was used. Data were sampled at 10 kHz, filtered at 2 kHz and analyzed with pCLAMP10 (Molecular Devices) and Stimfit (v0.15.2).
For ChR2-assisted circuit mapping in brain slices, a multi-LED array system (CoolLED) connected to the epifluorescence port of an Olympus BX51 microscope was used. Light pulses (1-2 ms) at λ = 470 nm ranging from 1 to 10 mW mm −2 were delivered to trigger action potentials in presynaptic-cell bodies or axon terminals.
Behavior assays. Free feeding. For chemogenetic and cell-ablation experiments, mice were habituated to the behavioral context for daily 10-min sessions, for 2 d before the experiment. CeA Htr2a ::hM3D mice were tested in the satiated state at the beginning of the light cycle, and CeA PKCδ ::hM3D and CeA Htr2a ::dtA mice were tested after 24-h fasting. Feeding tests after administration of anorexigenic drugs was conducted after fasting. The mice were placed in a behavior box containing two plastic cups, one containing a preweighed food pellet, which were placed in opposite corners of the box,. The behavior arena was housed inside a soundproof chamber equipment with houselights and video cameras (TSE Multiconditioning System). For bitter-food experiments, food pellets were soaked in 10 mM quinine solution (Sigma) for 10 min and dried overnight. The mice were allowed to explore the arena for 40 min, and the remaining food was weighed. The session was video recorded, and feeding behavior was scored manually.
For optogenetic experiments, mice were tethered to the optic-fiber patch cords and habituated to the context for 15 min daily for 3 d before the experiment. On the experiment day, the mice were allowed to recover in the behavioral context for 5 min after tethering. For photostimulation experiments, satiated mice received 20 min of photostimulation followed by 20 min of no photostimulation. For photoinhibition experiments, mice were fasted for 24 h before the experiment and received 10 min of no photoinhibition followed by 10 min of photoinhibition. The quantity of food remaining was measured at the end of each epoch. The session was video recorded, and feeding behavior was scored manually.
For experiments comparing the consumption of food and clay pellets, clay was prepared by combining kaolin (aluminum silicate hydroxide, Sigma) with 1% gum arabic (Sigma) in distilled water and mixed into a thick paste. The paste was shaped to the same dimensions as the chow food pellets and allowed to dry at room temperature. At 3 d before the experiment, mice were familiarized with the clay pellets in their home cages and habituated to the behavioral context for 10-min daily sessions. The mice were placed in a behavior box containing two plastic cups, each containing a preweighed food pellet or clay pellet, which were placed in opposite corners. After 30 min free exploration of the context, the remaining food and clay were weighed Open field. CeA Htr2a ::dtA, CeA Htr2a ::hM3D and control mice were allowed to explore a custom Plexiglas arena (50 cm × 50 cm × 25 cm) for 15 min. Animal location was tracked, and the number of entries to the center of the arena (25 cm × 25 cm square), velocity and distance traveled were assessed with Ethovision XT 11 software (Noldus). CeA Htr2a ::hM3D and CeA Htr2a ::mCherry mice received an IP injection of CNO (2 mg/kg) and were allowed to recover in their home cages 20 min before the experiment.
Taste sensitivity. CeA Htr2a ::hM3D-and mCherry-expressing control mice were deprived of water overnight before the start of the experiment. The mice were trained to drink dH 2 O from a two-bottle custom licometer (modified from the circuit described in ref. 47) . Each session lasted 1 h per day for five consecutive days. After each session, the mice were given ad libitum access to water in their home cages for 1 h. On day 6, mice were injected IP with CNO (2 mg/kg) 20 min before the session in which mice were tested for their preference for drinking 1 mM quinine (Sigma) solution compared with dH 2 O. The preference ratio was calculated as: number of quinine-solution licks/total number of licks. Licks were time-stamped with Arduino microcontrollers and analyzed with a customwritten Python 2.7 script.
Real-time place preference. CeA Htr2a ::ChR2, CeA Htr2a ::eYFP, CeA Htr2a-Cre+ :: ChR2→ PBN, CeA Htr2a-Cre− ::ChR2→ PBN, CeA Htr2a ::NpHR and CeA Htr2a :: mCherry mice were allowed to explore a custom Plexiglas two-chambered arena (50 cm × 25 cm × 25 cm). In the photostimulation experiments, mice received a 473-nm stimulation of 5, 10 or 20 Hz in the photostimulated side of the arena, which was randomly assigned. In photoinhibition experiments, mice received constant 561-nm intracranial light in a randomly assigned compartment. The laser was triggered on the basis of the location of the animal by using Bonsai data-streaming software and Arduino microcontrollers. Each session ran for 20 min, and the location of the animal, the distance traveled and the velocity were assessed during the last 15 min with Ethovision XT 11 (Noldus).
Intracranial self-stimulation. CeA Htr2a ::ChR2, CeA Htr2a ::eYFP, CeA Htr2a-Cre+ :: ChR2→ PBN and CeA Htr2a-Cre− ::ChR2→ PBN mice were food restricted overnight before the experiment. The assay was conducted over two daily 1-h sessions. The mice were placed in a chamber containing a custom two-port nose-poke system modified from https://bitbucket.org/takam/behavioural-hardware/. One port was randomly designated the active poke. On day 1, both active and inactive ports were baited with food treats to encourage exploration. Nose pokes in the active port resulted in intracranial stimulation (473 nm, 10-15 mw, pulse train of 60 × 20 Hz), whereas inactive pokes had no consequence. Concurrently with a detected poke, an LED was illuminated below the respective port (1 s), and a tone was played (1 kHz or 1.5 kHz) (1 s). Nose-poke time stamps were collected and recorded via Arduino microcontrollers and Bonsai data-streaming software, and day 2 data were analyzed with a custom-written Python script.
Progressive ratio 2 task. CeA Htr2a ::hM3D and mCherry mice were food restricted and maintained at their 85-90% free-feeding body weights through once-daily administration of a food pellet weighing 2.5-3.5 g to each mouse. Mice were trained in daily 1-h sessions to nose-poke for food pellets on an FR1 schedule in the same custom two-port nose-poke system described above. One port was designated the active port. A single nose poke in the active port triggered release of one 20-mg food pellet (TSE Systems) from a pellet dispenser (Noldus) into a food magazine. Concurrently with a detected poke, an LED was illuminated below the respective port (3 s), and a tone was played (1 kHz or 1.5 kHz) (3 s). Nose-poke time stamps were collected and recorded via Arduino microcontrollers and Bonsai data-streaming software. After mice became able to discriminate between active and inactive pokes in a ratio of at least 3:1 in three consecutive sessions, mice were trained for three FR5 sessions, in which five active pokes were required for delivery of a single pellet. This procedure was followed by four sessions on a PR2 schedule, in which the nose-poke requirement for each successive pellet was increased by two additional responses. Mice were tested for PR2 performance after being given ad libitum access to food after IP delivery, in a counterbalanced fashion, of either CNO or saline 20 min before the session. The breakpoint was considered the highest number of consecutive nose pokes performed to procure a single food pellet.
Conditioned flavor preference. Ad libitum-fed CeA Htr2a ::ChR2 mice were habituated overnight to consume two non-nutritive flavored gels (0.3% grape or cherry sugar-free Kool-Aid (Kraft), 1% agar (Sigma) and 0.15% saccharin (Sigma) in dH 2 O)). The baseline flavor preference was determined over two consecutive days. Mice were tethered to optic-fiber patch cables and habituated for 30 min and allowed to freely consume gels of both flavors for 15 min. The baseline preference was the average of the two sessions. Conditioning was conducted over four consecutive days with two sessions per day. In conditioning session 1, the less preferred flavor (0.3 g) was paired with 25 min of intracranial light pulses (473 nm, 10-15 mW, 20Hz) starting 5 min after gel presentation. In conditioning session 2, the mice were presented with the more preferred (0.3 g) flavor of gel for 30 min in the absence of photostimulation. The order of the sessions was inverted each day and occurred 4 h apart. Conditioned flavor preference was tested on the day after the final conditioning session, in which the mice were presented with both favors of gel for 15 min. The conditioned preference from two sessions was averaged.
Free consumption of palatable reward. CeA Htr2a ::NpHR mice and controls were food restricted to 85-90% of their free-feeding body weight. Mice were tethered to optic-fiber patch cables and allowed to freely consume a palatable liquid reward (Fresubin, 2 kcal/ml) from a metal spout during daily 30-min sessions until stable licking was achieved. The criterion for stable licking was the number of licks per session over three consecutive days, varying by < ±10% from the first day. After stable licking was observed, mice were given ad libitum food access and tested for Fresubin consumption during a 20-min session with constant photoinhibition (561 nm, 10 mW). Licks were recorded and analyzed as for the taste sensitivity experiments.
In vivo ca 2+ imaging of freely moving mice. Two independent groups of CeA Htr2a ::GCaMP6s mice were used for the free-feeding and FR1 imaging experiments. The heads of the mice were fixed, the miniscope was secured in the baseplate holder, and the mice were allowed to acclimate in their home cages for 10 min before the start of imaging. Compressed images were obtained at 20 Hz with Inscopix nVista HD V2 software. The LED power was set to 40-60% (0.4-0.6 mW), with the analog gain set at 1-2.
Mice used in the free-feeding experiment were acclimated to head fixation and to the weight of the miniscope during three daily 15-min sessions before the imaging experiment. For the free-feeding assay, mice were fasted overnight before imaging. The mice were free to explore the arena during the imaging session and to consume a food pellet. For the mice used in the FR1 assay, food was restricted to maintain the mice at 85-90% of their free-feeding body weights, and the mice were trained daily to nose-poke for food rewards on an FR1 schedule with a dummy miniscope in place until they were able to discriminate between active and inactive pokes by at least 3:1 in three consecutive sessions. For the imaging experiment from three mice, the number of active pokes was 12 ± 0, and the number of inactive pokes was 1.7 ± 0.3. The average eating-bout length for the FR1 experiment was 8.3 ± 2.5 s. For both imaging experiments, mouse behavior was recorded by using overhead and side-mounted cameras, and eating start and stop events were manually scored on the basis of the recorded video. Synchronization of the miniscope software and behavior cameras was achieved with Bonsai data-streaming software and a microcontroller (Ardunio).
ca 2+ imaging data analysis. To account for global changes in fluorescence, such as those stemming from neuropil Ca 2+ signals, time-lapse images of Ca 2+ activity were filtered with a fast-Fourier-transform bandwidth filter from ImageJ 1.48v (NIH) 37 . After motion correction, individual cell-filter identification on the basis of combined principal and individual component analysis as well as extraction of raw fluorescence traces was performed with Mosaic software (v1.1.3; Inscopix) 48 . The Ca 2+ activity traces and cell masks from each individual unit were visually inspected to ensure that the Ca 2+ signals were obtained from individual neurons. Duplicate or overlapping image filters were removed from the analysis.
∆F/F 0 was calculated as (F−F 0 )/F 0 , where F 0 is the lowest 5% of the fluorescence of each Ca 2+ activity trace 22 For free-feeding experiments, the first 20 s of the first eating bout was compared with the 20 s preceding the bout onset. For the classification of neurons, all the eating bouts were considered. For all eating bouts longer than 20 s, the average Ca 2+ fluorescence change of each cell was compared with the average fluorescence change of the preceding noneating bout. For imaging experiments during the FR1 task, the area under the curve was calculated during an event episode and compared with an equal length of baseline before the event onset. For both experiments, eating-bout (F eating ) and noneating-bout (F noneating ) fluorescence changes were compared with Wilcoxon rank-sum tests. Cells with significantly different fluorescence changes were categorized as responsive neurons. Next, preference indices (P.I.) for each cell were calculated with the following formula: Among the neurons that showed a significant difference in fluorescence changes between noneating and eating bouts with positive P.I. were categorized as activated during eating, and neurons with negative P.I. were classified as inhibited during eating. All analysis was performed with custom-written Matlab (R2015b) and Python scripts. Custom Matlab and Python scripts used for analysis are available upon request.
Histology. Animals were deeply anesthetized with ketamine/xylazine (100 mg/kg and 16 mg/kg respectively) and transcardially perfused with PBS, then 4% paraformaldehyde (PFA) (wt/vol) in PBS. Brains were dissected and postfixed at 4 °C in 4% PFA overnight. Brain tissues for cfos immunostaining and in situ hybridization were cryopreserved sequentially in 15% and 30% sucrose in PBS at 4 °C before being embedded in O.C.T (Fisher Scientific). 50-µm sections were cut with a cryostat (Leica) before cfos immunostaining. For in situ hybridization, frozen sections 16 µm) were mounted on slides, air dried (30 min at room temperature) and stored at −80 °C for later use. All other brains were embedded in agarose after postfixation, and 50-to 100-µm sections were cut with a vibratome (Leica).
Immunohistochemistry. For immunostaining, sections were washed in 1× PBS and 0.5% Triton X-100, and blocked at room temperature for 2 h in 1% bovine serum albumin (BSA) diluted in 1× PBS and 0.1% Triton X-100, then incubated with primary antibody at 4 °C overnight. The following primary antibodies were used: rabbit anti-cfos (1:1,000) (sc-52, Santa Cruz) 42 ; mouse anti-PKCδ (1:100) (610398, BD Biosciences) 8 , chicken anti-LacZ (1:200) (ab9361, Abcam) 49 , rabbit anti-SOM (1:1000) (T-4103, Peninsula Laboratories International) 6 , goat anti-CGRP (1:500) (Abcam, ab36001) 14 and rabbit anti-myc (ab9106, Abcam) 50 . After three 15-min washes in 1× PBS and 0.1% Triton X-100, sections were incubated with secondary antibody for 2 h at room temperature. The following secondary antibodies were used: donkey anti-rabbit/mouse/goat/chicken Alexa For detection of cfos in CeA Htr2a :: hM3D and mCherry control mice CNO (2 mg/kg) was injected IP, and animals were perfused 2 h later. For detection of cfos in CeA Htr2a :: ChR2 and eYFP control mice, animals received 20-min of 20-Hz, 10-mW photostimulation and were perfused 1 h later.
For recovery of neurobiotin-filled neurons after whole-cell recordings, acute brain slices were fixed in 4% PFA at room temperature for 30-45 min. Fixed slices were kept in 0.1 M PB (80 mM Na 2 HPO 4 and 20 mM NaH 2 PO 4 ) until being processed for immunohistochemistry as described above. Slices were then washed in 0.1 M PB and incubated for 48 h at 4 °C with mouse anti-PKCδ (1:100) (610398, BD Biosciences) or goat anti-CGRP (1:500) (Abcam, ab36001) diluted in 0.05 M TBS (42 Trizma-HCl mM, 8 mM Trizma base and 154 mM NaCl) with 0.5% Triton X-100 added. Afterward, slices were washed in 0.1 M TBS and incubated overnight in secondary antibodies (1:500) (Jackson) and fluorophoreconjugated streptavidin (1:2,000) (Jackson) diluted in 0.05 M TBS with 0.5% Triton X-100. The next day, slices were washed in 0.1 M PB and mounted with RapiClear (SunJin Lab Co). Slices were imaged 1 d later.
In situ hybridization. Two-color FISH was performed on fixed frozen sections from Htr2a-cre; LacZ, Htr2a-cre; tdTomato mice or Prkcd-Cre mice that were subjected to stereotaxic surgeries to demonstrate monosynaptic inputs to CeA PKCδ by using the proprietary probes and methods of Advanced Cell Diagnostics (ACD Technical notes 320535 for sample preparation and 320293 for multiplex fluorescence labeling, http://www.acdbio.com/technical-support/downloads/).
Briefly, O.C.T. was removed with PBS before pretreatment with the proprietary ACD reagents Pretreat 2 and Pretreat 4. Sections were boiled for 5 min in Pretreat 2 buffer and washed in distilled water and 100% ethanol. Sections were air dried before incubation with Pretreat 4 for 30 min at 40 °C in a HybEZ humidified incubator (ACD). We performed single-or dual-probe labeling, using probes for Htr2a (Mm-Htr2a-C1, 401291), LacZ (Ecoli-lacZ-C3, 313451-C3), TAC2 (Mm-Tac2-C2, 446391) and CRH (Mm-CRH-C2, 316091) mRNA. The C1 probe was ready to use. When used in combination with the C1 probe, the C2 and C3 probes were diluted 50 times in C1 probe. When used alone, the C2 and C3 probes were diluted 50 times in the probe diluent buffer. Tissue sections were incubated in probe mix for 2 h at 40 °C in a HybEZ humidified incubator. Sections were washed in ACD Wash Buffer (2 × 2′), then sequentially incubated in the proprietary ACD reagents AMP1-FL (30 min), AMP2-FL (15 min), AMP3-FL (30 min) and Amp 4 Alt B-FL AMP4-FL (15 min) with two washes (2 min) between each step. Brain sections from Htr2a-cre; LacZ mice were then labeled with DAPI. Fluorescent Mounting Medium (Dako) and coverslips were then applied. Brain sections from tdTomato reporter mice or Prkcd-Cre mice that underwent stereotaxic surgeries to demonstrate monosynaptic inputs to CeA PKCδ were blocked for 2 h at RT with 0.2% BSA and 5% donkey serum. Sections were then incubated with mouse anti-GFP (1:500) (632381, Clontech) 49 and/or rabbit anti-mCherry (1:500) (ab167453, Abcam) 51 For quantifications of subregions, boundaries were based on the Allen Institute's reference atlas 52 and Paxinos and Franklin's atlas 53 . Our definitions of the VP, anterior and posterior PVT, SNL and dorsal raphe were exclusively according to Paxinos and Franklin's atlas 53 .
The isocortex (Isocx) includes somatosensory, auditory, perirhinal, ectorhinal and temporal association areas. Hippocampal formation (Hipp) includes hippocampal and retrohippocampal regions excluding the enthorinal area. The multimodal thalamus (Multimod. T.) includes the medial geniculate nucleus (medial and dorsal part), subparafascicular thalamic nucleus (parvicellular part), suprageniculate thalamic nucleus and peripeduncular nucleus. The preoptic hypothalamus (PO H.) includes hypothalamic nuclei that are located between 0.5 mm and −0.6 mm anterior-posterior to the bregma. Tuberal posterior hypothalamus (Tub. p. H.) includes hypothalamic nuclei located in between −1.1 mm and −2.1 mm posterior to the bregma. The posterior hypothalamus (Post. H.) includes hypothalamic nuclei located between −2.1 mm and −3.4 mm posterior to the bregma and excluding the PSTN.
For quantifications within all subregions, every section was quantified, but only the input neurons ipsilateral to the injection site were counted. Input regions that were part of the amygdala complex except for the LA, BLA and BLP were excluded from the analysis, namely the basomedial amygdala nucleus, intercalated amygdala nucleus, central amygdala nucleus, medial amygdala nucleus, cortical amygdala area, posterior amygdala nucleus, piriform-amygdala area and postpiriform transition nucleus. Moreover, a small number of starter neurons were found in neighboring nuclei: the globus pallidus (GP), caudoputamen (CP) and the very lateral part of the lateral hypothalamus. Although these neurons accounted for a small portion of the total starter neurons, we excluded input cells from these areas for the analysis.
The numbers of input neurons for each experiment were normalized to the total number of inputs in each animal. Areas that contained <1% of the total inputs in both genotypes were excluded. All graphs and analysis described above were performed in Prism software (GraphPad).
Pairwise correlations (Pearson coefficient) as well as P values from a twotailed t tests were calculated in Excel (Microsoft) by using un-normalized data. Hierarchically clustered heat maps and dendrograms representing high correlation or anticorrelation between regions were created in R (http://www.r-project. org/). Linear regressions were performed in Prism software (GraphPad Prism 6.0). 3d reconstruction of ceA Htr2a axonal projections. The protocol was adapted from a previously described protocol 54 . Htr2a-Cre mice that had been stereotaxically injected in the CeA with an AAV-mCherry virus were transcardially perfused at a speed of 4 mL/min with 20 mL of ice cold 1× PBS followed by 20 mL of ice-cold hydrogel monomer solution containing 2% acrylamide (161-0140, Bio-Rad), 0.025% bisacrylamide (1610142, Bio-Rad), 4% PFA and 0.25% VA-044 initiator (wt/vol) (27776-21-2, Wako) in 1× PBS. After perfusion, brains were incubated for 3 d at 4 °C. Samples were then polymerized for 3 h at 37 °C. The embedded samples were extracted from the gel and cut with a vibratome into 2-mm sections. The sections were then incubated with clearing solution (4% SDS and 200 mM boric acid, pH 8.5) until the sections were cleared (approximately 2 weeks). Sections were then washed for at least 3 d in 1× PBS and 0.1% Triton X-100 at 37 °C to remove residual SDS. Sections were finally incubated in a refractive-index-matching solution (RapiClear, RI = 1.47, SunJin Lab) for 8 h (up to 1 d) at room temperature. Samples were finally mounted in fresh RapiClear between two coverslips separated by iSpacers (SunJin Lab) and imaged with a Leica TCS SP8 microscope (Leica Microsystems) with a 10×/0.30 objective.
Processing of the 3D images was done in Amira software (Visage Imaging). Serial stack images were first roughly registered with respect to one another and transformed into one coordinate system via Transform Editor. Serial stack images were then concatenated and aligned in 2D with the Align Slices module (all transformations were rigid). Sigmoid intensity remapping was applied to specifically raise the intensity range of the axonal fibers over that of the background. Manual segmentation of CeA Htr2a axonal projections and of the edge of the sections was done with the Segmentation Editor. 3D rendering of the brain surface was generated with the Surface view module. A 3D impression of CeA Htr2a axonal projections as well as color coding of the intensity of fluorescence pixels was completed with the Volume Rendering module.
Statistics.
No statistical methods were used to predetermine sample size. The numbers of samples in each group were based on those in previously published studies. Behavior experiments were conducted by an investigator with knowledge of the animal genotype and treatment. The need for post hoc verification of viral expression and optic-fiber placement ensured that data collection was unbiased. For most behavior experiments, physiology and in vivo imaging, custom-written Python scripts, behavioral-tracking software and automated behavioral analysis were used to obtain and analyze the data in an automated and unbiased manner. For behavioral experiments, littermate animals were randomly assigned to the experimental group and were identified by unique identification numbers. After the conclusion of experiments with animals, virus-expression, optic-fiber and GRIN-lens placement were verified. Mice in which either the virus expression or optic fiber was not appropriately located were excluded from analysis. Data presented as box-whisker plots display median, interquartile range and fifth to ninety-fifth percentiles of the distribution. Data presented as bar and line graphs indicate mean ± s.e.m. Pairwise comparisons were calculated with unpaired or paired two-tailed t tests, and multiple group data comparisons were calculated with one-way or two-way ANOVA with Bonferroni post hoc test. Normality was assessed with Shapiro-Wilk tests. If normality tests failed, Mann-Whitney or Wilcoxon rank-sum tests were used. Statistical analyses were performed in GraphPad Prism, Matlab or Python. Significance levels are indicated as follows: *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.000. A life Sciences Reporting Summary for this paper is available. 
Statistical parameters
For all figures and tables that use statistical methods, confirm that the following items are present in relevant figure legends (or in the Methods section if additional space is needed).
n/a Confirmed The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement (animals, litters, cultures, etc.)
A description of how samples were collected, noting whether measurements were taken from distinct samples or whether the same sample was measured repeatedly A statement indicating how many times each experiment was replicated
The statistical test(s) used and whether they are one-or two-sided (note: only common tests should be described solely by name; more complex techniques should be described in the 
Antibodies
Describe the antibodies used and how they were validated for use in the system under study (i.e. assay and species).
The following antibodies were used. A citation is provided for each as a validation of that antibody: -rabbit anti-cfos (sc-52, Santa Cruz) (Navarro et No eukaryotic cell lines were used.
Animals and human research participants
Policy information about studies involving animals; when reporting animal research, follow the ARRIVE guidelines
Description of research animals
Provide details on animals and/or animal-derived materials used in the study. 
Description of human research participants
Describe the covariate-relevant population characteristics of the human research participants.
The study did not involve human research participants.
